Supporting Online Material Materials and methods
Subjects Seven male Brown Norway/Fisher 344 hybrid rats (seven months old at the time of surgery, 385 -485 g) were housed in Plexiglas home cages and maintained on a reversed 24 h light/dark cycle. Water and food were available ad libitum. All experiments were performed in accordance with the guidelines established by the United States National
Institutes of Health Guide for the Care and Use of Laboratory Animals under protocols
approved by the University of Arizona IACUC. Every effort was made to optimize comfort and to minimize the use of animals.
Data acquisition
The procedure for neural recordings was similar to a previous study from this group (1) . Neural recordings were obtained via a chronically implanted "hyperdrive" consisting of 12 independently adjustable tetrodes. Each tetrode consisted of four, polyimide-coated, nichrome wires (14 μm diameter), which were twisted together (2) .
During the recording sessions, the hyperdrive was connected to a unity gain head stage. All data were recorded using a Cheetah recording system. Electrical activity from each tetrode was amplified, filtered between 0.6 and 6 kHz, and digitized at 32 kHz. Electromyographic (EMG) activity of the eyelid was filtered between 0.3 and 3 kHz and digitized at 8 kHz.
Surgery and electrode placement Each rat was anesthetized with isoflurane (1-1.5% by volume in oxygen at a flow rate of 1.5 L/min), placed in a stereotaxic holder, and injected with penicillin G (30,000 U per hindleg, i.m.). Four Teflon-coated stainless steel wires were implanted subcutaneously in the left upper eyelid for recording EMG activity and presenting a periorbital shock in the same way as in a previous study (3) . A craniotomy was opened for a hyperdrive over the mPFC contralateral (right) to the conditioned eye at 2.9 (Rat 1, 5-7) or 3.2 (Rat 2-4) mm anterior and 1.3mm lateral to bregma. The hyperdrive was angled at 9.5° toward the midline. The electrodes trajectories extended ~1.4-2 mm in the anteroposterior dimension and ~0.7 mm in the mediolateral dimension, so that neurons were sampled from a relatively wide region of the medial prefrontal cortex. Single neurons were recorded with respect to a reference electrode positioned superficially in the mPFC (1000 μm bellow brain surface). The tetrodes were moved gradually to 2800 -3200 μm from the brain surface over a month. After the recording started, tetrodes were moved only as necessary to obtain good recordings. Therefore, it is possible that the recordings were repeated for some of neurons. All tetrode positionings were done after a given recording session, to allow the tetrodes at least 24 hours to stabilize. After all recordings were complete, the tips of the recording electrodes were marked by electrolytic lesions (5 μA for 20 s, positive to electrode, negative to head-stage ground). Each animal was intraperitoneally injected with an excess amount of sodium pentobarbital and perfused intracardially with 0.9% saline, followed by phosphate-buffered 10% formalin. The brain was removed from the skull and stored in 10% formalin for a few days. After infiltration with 30% sucrose, it was frozen, sectioned at 50 μm thickness, and stained with cresyl violet. The sections were subsequently examined under a light microscope and the locations of the electrode tips were drawn onto plates from the stereotaxic atlas of the rat brain (4).
Histological sections confirmed that most electrodes in all of the rats were in the deep layers of the prelimbic region (Fig. S6) . We discarded the neurons from the electrodes that were not located in the prelimbic area.
Behavioral procedure The rats received two conditioning sessions daily. Trace eyeblink conditioning (Paired) and pseudoconditioning (Pseudo) sessions were separated by rest periods before (30 min), between (40 min) and after (30 min). 'Paired' conditioning was performed in a brown-walled, square box (19×19×25 cm) and 'Pseudo' conditioning was performed in a circular box walled with a black and white checkered pattern [diameter: 19 cm (Rats 2-4, 6, 7) or 32 cm (Rats 1, 5), height: 25 cm]. The room was illuminated during Pseudo but not during Paired. The boxes and room light condition (on or off) for each session type were swapped for the training of Rats 2 and 7 (Table S3) . During these conditioning sessions, the rats received pairings of the conditioned stimulus (CS) and the unconditioned stimulus (US). The CS was a 350-msec tone (5 kHz, 85 dB) with a rise/fall time of 10 msec; it was delivered from a speaker (16.5 cm in diameter) that was placed above the box. The US was a 100-msec periorbital shock (100 Hz square pulses, 5 msec duration), delivered through a pair of electrodes implanted in the left upper eyelid (3). Its intensity was carefully calibrated to give the minimal current required to elicit an eyeblink/head-turn response and was adjusted daily. A stimulus-free trace interval of 500 msec was interposed between the end of the CS and the US onset during Paired. The interval between the CS and US was pseudo-randomized from 1 to 20 sec during Pseudo.
The conditioned response (CR) was monitored through EMG activity of the left upper eyelid. Recording started at least one month after the surgery to allow positioning and stabilization of the tetrodes in the prelimbic area. During the first two days of recording, the CS and US were not presented, to allow the rats to adapt to the conditioning schedule and boxes. The frequency of spontaneous eyeblinking was calculated from the EMG data during these days. Presentation of the CS and US began from the third day of recording.
A daily session consisted of 100 trials. The CS was presented alone from the 1 st to 20 th trial the circular box (Pseudo). During the recording from Rats 1 and 5, the US was presented from the first trial with the CS. In 90 trials, the CS and US were presented, and in 10 trials the CS was presented alone. A CS-alone trial was presented on every tenth trial. Thus, there were only two conditions (Paired and Pseudo) for these rats. Recording sessions were divided into three categories and each rat participated in one or two of the categories. w) constituted of a six-week period of over-training, which started the day after the CR% reached 60% and was divided into six one-week periods. Because the rats learned the conditional association with different speeds, the numbers of the sessions during Early and Late were varied between rats (Table S1 ). We aligned the data from each rat on the last day of each stage and chose the sessions in which the data from all of the rats were available.
2) Order control: After the recording sessions of Conditioning, Rats 2 -4 received additional conditionings following a two-week rest period during which the rats did not receive any conditioning. For these additional conditionings, the order of the conditions was chosen at random from three patterns; A) the rats received Pseudo first, and then they received Paired, B) the rats received Paired twice, C) the rats received Paired first, and then they received Pseudo in the same way as Conditioning.
3) Retention: Rats 5 -7 received conditionings (Paired-Pseudo) without neural activity recording. When their averaged CR% reached 60% for three consecutive days, conditioning was stopped and a hyperdrive was implanted. Six (Rats 6 and 7) or eight (Rat 5) weeks later, the rats received conditionings in the same way as the initial conditionings while neural 4 activity was recorded. Note: these rats did not receive any conditioning between the initial conditioning and the re-conditioning.
EMG analysis
The method of analysis of the EMG data was the same as in a previous study (3) . Briefly, the mean + standard deviation of the EMG amplitudes during the pre-CS period (0-300 ms before CS onset) of 100 trials was defined as the threshold. In each trial, the average values of EMG amplitudes above the threshold were calculated for 300 ms before the CS onset (pre-value) and for 200 ms before the US onset (CR value). Trials in which the pre-value exceeded 10 % of threshold were discarded. A trial was assumed to contain a CR if its CR value exceeded 10% of the threshold. The ratio of the number of trials containing the CR to the total number of valid trials was denoted the CR% for each session. Single neuron activity The number of action potentials (spikes) during 2.85-sec period around the CS (from -2 to 0.85 sec after the CS onset) was counted in each trial of each condition. We excluded a neuron from further analysis if the number of the trials during which the neuron did not show any spike was more than five in all of four conditions. (Table S4) , the neurons were assigned to one of the following four groups.
Data Preprocessing

1) No effect of conditions (Non-selective). This group includes those neurons that did not
exhibit a difference in activity among the four conditions.
2) Effect of behavioral context (Behavioral context).
There were significant differences in activity between Paired and Pseudo and between Paired and CS in box A.
3) Effect of spatial context (Spatial context).
There were significant differences in activity between Paired and Pseudo and between CS in box A and B, but there was no difference between Paired and CS in box A.
4) Effect of shock context (Shock context).
There were significant differences in activity between Paired and CS in box A and between Pseudo and CS in box B, but there was no difference between Paired and Pseudo.
Similarly, the baseline activity of each neuron was also categorized for these four groups by comparing raw firing rates during a two-sec period before the CS onset across conditions with a one-way ANOVA with post-hoc analysis using Tukey HSD.
Peri-stimulus time histograms were produced by binning each neuron activity into 1 7 msec intervals for three-sec time windows centered on the CS onset. Then the binned activity was smoothed with 50-msec Hanning window and averaged across the trials.
Regression analysis of single-neuron firing rate with eyelid movement To determine the time windows when the rats expressed an eyeblink, the timestamp was recorded at which the eyelid EMG amplitude exceed 10% of baseline EMG activity (the activity during 300 msec periods before the CS onset). This criterion was the same as the one that was used for the CR detection. Then, the timestamps whose intervals were less than 50 msec were Firing rate changes at the onset or offset of the CR In each neuron, the firing rate during one-sec periods before and after the CR onset or offset was calculated. Neurons, whose activities were sensitive to eyelid movement, were selected by comparing the firing rate during the period before the CR onset or offset to the period after the CR onset or offset with t test (p < 0.05).
Population firing rate response pattern The 'responsive' neurons, which significantly changed their firing rate during the CS or trace interval from their baseline firing rates, were further classified into excitatory or inhibitory response-types. Peri-stimulus time histograms were produced by binning each responsive neuron activity into 1-msec intervals To quantify the significance of changes of population firing rate patterns, averaged z scores during the CS or trace interval were calculated for each 'responsive' neuron.
Because each neuron showed maximum firing rate change at different timing (i.e. during the CS or trace interval), the averaged z score did not necessary become larger than 2.
These z scores were averaged across sessions within each stage of acquisition or over-training. These averaged z scores were then averaged across rats. A two-way repeated measures ANOVA (factor 1: behavioral context, factor 2: stage) was used to clarify whether the averaged z scores during Paired changed across stages in a different manner to those during Pseudo in each response-type (excitatory and inhibitory). were averaged across sessions within each stage of acquisition or over-training, and then averaged across rats. Because, during the sixth week of over-training (P6), the number of neurons, which matched the above mentioned criteria, was very few in some of the rats, the data during P6 was omitted during statistical tests. The template matching method seeks to calculate the similarity of these two matrices (5).
Discrimination function
Spike-timing correlation analysis (Template Matching
Based on the previous study on different measures of template match strength (6) Numbers of shuffled template were determined by practical considerations of the length of time required for the calculation. The template matching correlation was then calculated for each shuffled template, and a sampling distribution of COR was generated. The observed correlation value was then converted into a z score by subtracting mean and dividing by standard deviation of the sample distribution. We adopted the lowest z score among four shuffling methods for the similarity score in each comparison.
Supporting text
Differences between spike-timing and population firing rate results
Spike-timing patterns of multiple neurons offer an alternative or complementary way to encode conditional associative memory. We used the template matching method (5, 6) to assess whether the population spike-timing patterns become selective for acquired associations. The population spike-timing patterns in the CS and trace interval during Paired were similar to the patterns during Pseudo at the beginning of acquisition, but became less similar during over-training (Fig. S4, S5 ). In contrast, the spike-timing patterns during Paired were highly similar to the patterns during Pseudo after the six-week period without any conditioning (Fig. S4) . Thus, the population spike-timing patterns gradually became selective for associations between the paired stimuli as a consequence of repetitive trainings, but not simply as a consequence of the passage of time.
To assess the selectivity of neural activity for acquired memory associations, we used two methods; population firing rate analysis (Fig. 3) and population spike-timing analysis (Fig. S4) . There are at least two ways to produce a different code for paired stimuli from the code for unpaired stimuli; one is changing the magnitude of responses (firing rate) and the other is changing the population of neurons that responds to stimuli. Firing rate analysis is sensitive to changes in response magnitude and spike-timing correlation analysis is sensitive mainly to changes in population of neurons and, marginally to changes in response magnitude. Selective population firing rate patterns for memory associations were observed in the over-training group that received the same conditioning for six weeks, as well as in the consolidation group that underwent a six-week, training-free 'consolidation period' (Fig. 4) . In contrast, selective population spike-timing patterns for memory associations were observed in the over-training group, but not in the consolidation group (Fig. S4) . These results suggest that selective population firing rate patterns for memory associations develop spontaneously during the consolidation period; however, repetitive, over-training is required for development of the selective population spike-timing patterns.
Both changes may be important, but possibly reflect different aspects of mnemonic processes. Previously, it has been shown that when stable, consolidated memories are reactivated through retrieval, they become labile (susceptible to disruption) again and undergo reconsolidation (7) . Since the over-training group received the same conditioning trials every day, the daily conditioning trial may induce multiple rounds of reconsolidation.
Therefore, it is possible that these multiple rounds of reconsolidation may shape the differential spike-timing patterns between the paired stimuli and the unpaired stimuli.
However, given that memory consolidation normally takes place without over-training, the present results suggest that it is the rate changes that are possibly of greater theoretical and functional significance.
Supporting figures
Fig. S1 Regression analysis of single neuron firing rate with eyelid movement. During Paired, the rats showed eyelid movements during the CS and trace interval (i.e. CRs), but not during Pseudo. Therefore, if the neurons change their firing rates in conjunction with the eyelid movement, their firing rate response patterns during Paired may be different from the patterns during Pseudo. In this case, the differential neural activity, depending on behavioral context, simply reflects the difference in behavior (e.g., 8). To test this possibility, linear regression analysis was used to correlate the firing rate of each neuron with the CR duration (A), CR amplitude (B), spontaneous eyeblink duration (C), spontaneous eyeblink amplitude (D). The significance of the correlation coefficient was assessed relative to a sample distribution of correlations with shuffled firing rate vector (n = 100) (Materials and methods). Data were averaged over four rats with the standard error indicated. 12.9 ± 5.34 % and 17.7 ± 9.87 % of recorded neurons showed significant correlation (z score ≧ 2) of their firing rate with spontaneous eyeblink duration and spontaneous eyeblink amplitude, respectively. However, if we limited to the analysis to eyeblinks, which took place during trace intervals (i.e. the CR), 5.40 ± 2.20 % and 4.43 ± 1.67 % of recorded neurons showed significant correlation of their firing rate with CR duration and CR amplitude, respectively. Besides, 2.01 ± 0.24 % and 1.43 ± 0.20 % of neurons significantly changed their firing rates at the onset or offset of the CR. The proportions of the neurons, whose activities were correlated with the CR, were much smaller than the proportion of the neurons that changed the firing rate pattern during Paired from during Pseudo (~20-35 %). These results suggest that the differential activity between behavioral contexts cannot be fully attributed to the differences in eyelid movements during trace intervals. Rather, the differential activity may reflect context-dependent internal linkage of the paired stimuli. showed a significant effect of stage (F 7, 21 = 3.85, P < 0.01). Post-hoc analysis with Tukey HSD showed a significant difference between the similarity score during Late and Post 4 -6w (P < 0.05). In contrast, when the rats received re-conditioning after a six-week, training-free 'consolidation period' (Retention), the similarity score of spike-timing patterns between Paired and Pseudo was as high as the score during Late. Thus, in the mPFC, the population spike-timing pattern in the paired stimuli gradually diverged in similarity from the unpaired stimuli as a consequence of over-training, but not simply as a consequence of the passage of time. Table S1 . Summary of recording sessions, number of analyzed neurons and electrode locations.
Supporting tables
(Number of sessions) Recording sessions were divided into three categories: 1) Conditioning, 2) Order control, and 3) Retention (6-8 weeks post-learning; i.e., the consolidation group sessions) (Materials and methods).
(Number of analyzed neurons) The number of neurons with a sufficient number of action potentials during the trials was tabulated for each rat. 
